Abstract Human serum paraoxonase 1 (PON1), a highdensity lipoprotein (HDL)-associated enzyme, has been shown to reduce the oxidation of low-density lipoprotein (LDL) and HDL by degrading lipid peroxides. This property of PON1 accounts for its ability to protect against atherosclerosis. In this study, we identified four polymorphisms in both the coding (L55M and Q192R) and regulatory regions (T-108C and G-909C) of the human PON1 gene in 202 healthy Thai individuals and investigated the influence of these polymorphisms on serum PON1 activity towards three substrates, namely, paraoxon, phenylacetate and diazoxon. The PON1 L55M, Q192R and G-909C polymorphisms significantly affected the variation in serum PON1 activity towards paraoxon. Serum PON1 activity towards paraoxon was significantly different among the genotype groups, as follows: 55LL > 55LM/55MM, 192RR > 192QR > 192QQ and À909CC > À909CG > À909GG. The PON1 Q192R and G-909C polymorphisms also influenced the variation in serum PON1 activity towards diazoxon but in the opposite direction to the activity towards paraoxon. Only the PON1 L55M polymorphism was associated with significant variation in serum PON1 activity towards phenylacetate while the PON1 T-108C polymorphism had no significant effect on serum PON1 activity towards any substrate. We also found linkage disequilibrium among the polymorphic sites, including Q192R versus L55M, Q192R versus T-108C and Q192R versus G-909C. Serum PON1 activity towards both paraoxon and phenylacetate, but not diazoxon, was positively correlated with HDL cholesterol (HDL-C) and apo AI concentrations. None of the PON1 polymorphisms significantly affected serum lipid, lipoprotein or apolipoprotein concentrations. Our findings suggest that the physiological relevance of the PON1 polymorphisms is that they are associated with significant differences in serum PON1 activity, and the impact of PON1 polymorphisms on this activity is substrate-dependent.
Introduction
Paraoxonase 1 (PON1) is a calcium-dependent highdensity lipoprotein (HDL)-associated esterase that is exclusively bound to the apolipoprotein AI-containing HDL fraction in serum (Blatter et al. 1993) . In vitro studies have shown that PON1 inhibits the copper-induced oxidation of low-density lipoprotein (LDL) and HDL and prevents lipid peroxide accumulation on LDL (Mackness et al. 1991a (Mackness et al. , 1993 (Mackness et al. , 1998b Aviram et al. 1998a Aviram et al. , 1998b Cao et al. 1999 ). In addition, PON1 is able to destroy oxidised phospholipids in modified LDL, therefore reversing the pro-inflammatory actions of LDL (Watson et al. 1995) . The PON1 also has the ability to hydrolyse lipid peroxides within human carotid and coronary atheromatous lesions ex vivo (Aviram et al. 2000) . Thus, PON1 may alter the risk for atherosclerosis by cleansing LDL of oxidised lipids and by preserving the ability of HDL to induce cellular cholesterol efflux from macrophages in vivo (Aviram 1999) .
The PON1 activity is genetically determined and has marked inter-individual variation (Adkin et al. 1993; Humbert et al. 1993 ). This variation is partly due to PON1 gene polymorphisms although nutritional, pharmacological and environmental factors also affect PON1 levels (Sutherland et al. 1999; Paragh et al. 2000; Balogh et al. 2001) . The PON1 gene has two major coding region polymorphisms due to amino acid substitutions at position 55 (leucine to methionine; L/M) and at position 192 (glutamine to arginine; Q/R) (Adkin et al. 1993; Humbert et al. 1993) . The PON1 Q192R polymorphism has been shown to be responsible for the substratedependent difference in the kinetics of hydrolysis by each PON1 192 isoform (Adkin et al. 1993; Humbert et al. 1993) . The R alloenzyme hydrolyses paraoxon more rapidly than the Q alloenzyme while the Q alloenzyme hydrolyses diazoxon, soman and sarin more rapidly than the R alloenzyme (Li et al. 2000; Davies et al. 1996) . Of the PON1 192 alloenzymes, the Q alloenzyme has proved to be more efficient in protecting LDL from oxidation (Aviram et al. 1998b; Mackness et al. 1997a Mackness et al. , 1997b . The PON1 L55M polymorphism has not been demonstrated to affect the relative rates of hydrolysis of different substrates (Adkin et al. 1993; Humbert et al. 1993 ). However, the M allele is associated with lower PON1 activity, PON1 protein and PON1 mRNA levels (Blatter et al. 1997; Leviev et al. 1997; Mackness et al. 1998a; Brophy et al. 2000) .
The genetic polymorphisms of the PON1 gene have been suggested to be independent risk factors for coronary heart disease (CHD) (Serrato and Marian 1995; Sanghera et al. 1997; Zama et al. 1997; Odawara et al. 1997) . Both the 55LL and 192RR genotypes have been shown to be associated with increased susceptibility to CHD in some studies. However, this association was not confirmed in other studies (Ombres et al. 1998; Sanghera et al. 1998; Cao et al. 1998; Herrmann et al. 1996) or in a large meta-analysis (Wheeler et al. 2004 ). In addition, low serum PON1 activity has been reported in several diseases, which are associated with accelerated atherosclerosis, including CHD, diabetes mellitus, hypercholesterolaemia and chronic renal failure (Mackness et al. 1991b; Abbott et al. 1995; Paragh et al. 1998; Ikeda et al. 1998; Datoine et al. 1998) . More recently, the PON1 activity phenotype has been shown to be a better predictor of CHD than that of PON1 genotypes . Low PON1 activity has recently been shown to be an independent risk factor for CHD in the Caerphilly prospective study (Mackness et al. 2003) .
Recent studies have reported that PON1 polymorphisms are also found in the regulatory region and have a functional effect on PON1 expression. These polymorphisms are at position À108 (T or C), À162 (A or G) and À909 (G or C) where the base immediately before the start codon is numbered as ''À1'' (Brophy et al. 2001; Suehiro et al. 2000; Leviev and James 2000) . In addition, the three regulatory and the two coding polymorphisms all show significant linkage disequilibrium (LD) to each other (Brophy et al. 2001) .
Based on the hypothesis that PON1 has a protective function against CHD development, the influence of PON1 activity might be of major importance for the efficacy of its protective function. The aim of this study was to determine PON1 gene polymorphisms in both the coding region (L55M and Q192R) and regulatory region (T-108C and G-909C) and to investigate the association of these polymorphisms with PON1 activity and lipoprotein profiles in a Thai population.
Subjects and methods

Study population
Eligible subjects were recruited from subjects who attended for a routine medical check at the Division of Preventive Medicine, Royal Thai Air Force, between November 2002 and January 2003. They were defined as healthy by physical examination (weight, height and blood pressure measurements, chest X-ray, respiratory and eye examination) and laboratory tests [complete blood count, blood urea nitrogen, creatinine, uric acid, fasting blood glucose, liver function tests, total cholesterol, triglyceride and high-density lipoprotein cholesterol (HDL-C)]. Subjects with hypertension, diabetes mellitus, cardiovascular diseases, renal or hepatic diseases, inflammation, injury or trauma in the previous month, who smoked or were alcohol or drug abusers were excluded from the study. A questionnaire was used to collect family and medical history and smoking and alcohol habits from the subjects. Data collection included weight, height, waist and hip circumference, systolic and diastolic blood pressure (SBP and DBP) measurements using standard methods. Body mass index (BMI) was calculated as body weight (kilograms)/height (metres) 2 . Waist-hip ratio (WHR) was calculated as waist circumference (centimetres)/hip circumference (centimetres). This study was approved by the ethics committee of Bhumibol Adulyadej Hospital, Royal Thai Air Force, and informed consent was obtained from all subjects after full explanation of the purpose of the study.
Blood sampling
Venous blood was collected from all subjects after a 12-h fast. Serum and EDTA plasma were prepared by lowspeed centrifugation. White cells were removed as the buffy coat of the EDTA-plasma tube for genomic DNA extraction. Serum, plasma and buffy coat were kept at À80°C before analysis.
Determination of lipids, lipoproteins and apolipoproteins
Total serum cholesterol and direct HDL-C were determined by the CHOD-PAP method (ABX Diagnostics, Shefford, UK). Serum triglycerides were determined by the GPO-PAP method (ABX Diagnostics). The LDLcholesterol (LDL-C) was calculated by the Friedewald formula in samples with triglycerides less than 4.51 mmol/l (400 mg/dl). Serum lipoprotein (a) and plasma oxidised LDL were determined by commercially available enzyme-linked immunosorbent assays (ELI-SA) (Mercodia, Uppsala, Sweden). Serum apo AI and apo B were determined by immunoturbidimetric techniques (ABX Diagnostics).
Determination of PON1 activity
The PON1 activity towards paraoxon was determined by adding 25 ll serum to 0.5 ml Tris-HCl buffer (100 mM, pH 8.0) containing 2 mM CaCl 2 and 5.5 mM paraoxon (O,O diethyl-O-p-nitrophenylphosphate; Sigma, D9286). The rate of generation of p-nitrophenol was determined at 25°C with the use of a continuously recording spectrophotometer at 405 nm (Beckman Du-68). PON1 activity was assessed by use of phenylacetate as substrate by adding 2.5 ll serum to 0.9 ml of the same buffer as above and 0.1 ml of 13.62 mM phenylacetate (Sigma, P2396). The increase in absorbance at 270 nm was recorded with the same spectrophotometer. The PON1 diazoxon (diazinon-O-analog) hydrolysis rate was also measured spectrophotometrically by adding 5 ll serum to 1 ml Tris-HCl buffer (100 mM, pH 8.0 containing 2 M NaCl, 2 mM CaCl 2 and 3.52 mM diazoxon) (Chem Service, Chester, UK) and recording the increase in absorbance at 270 nm.
Determination of PON1 genotypes
Genomic DNA was extracted from white cells by the phenol-ethanol method. All genotyping was conducted by polymerase chain reaction (PRC) amplification followed by polymorphism-specific restriction digestion and gel electrophoresis. The two PON1 coding-region (L55M and Q192R) and two PON1 regulatory-region (T-108C and G-909C) polymorphisms were determined, as described previously (Mackness et al. 1998a (Mackness et al. , 1998b Brophy et al. 2001) . Each genotype was read by two people independently.
Statistical analysis
The continuous parameters were expressed as mean ± standard deviation (SD) if they had a normal distribution and Students' unpaired t test was used for comparisons. The parameters with non-normal distributions were expressed as median (range), and the MannWhitney U test was used to compare differences. The normality of the sample distribution of each continuous parameter was tested with the Kolmogorov-Smirnov test. Pearson's correlation and Spearman's correlation tests were used to test the strength of associations of parameters with normal and non-normal distributions, respectively. For the purposes of genetic analysis, as no differences in polymorphism distribution were observed, data from male and female subjects were combined. Allele frequencies were calculated by the gene-counting method. The chi-square test was used to determine the observed genotype frequencies deviated from HardyWeinberg equilibrium expectations and to evaluate the significance of the LD between each polymorphism pair. One-way ANOVA and Kruskal Wallis tests were used for comparison of normally and non-normally distributed parameters among genotypes, respectively. A p value of less than 0.05 was considered statistically significant. All statistical analyses were performed by using SPSS Version 10.1 for Windows software.
Results
Demographic characteristics, lipoprotein profiles and serum PON1 activity in the study population
The demographic details of the study population are shown in Table 1 . The study population had a greater proportion of men (men = 156, women = 46). The age range in men and in women was 20-58 and 26-59, respectively. Compared with women, men were significantly younger and had significantly higher BMI, WHR, SBP and DBP. Fasting blood glucose did not differ significantly between men and women.
There were no significant differences in the levels of total cholesterol, LDL-C, oxidised LDL-C or apo B concentrations between men and women (Table 1) . However, the levels of HDL-C, apo AI and Lp (a) were significantly higher in women. This was in contrast to triglyceride levels, which were significantly lower in women.
There were no significant differences in serum PON1 activity levels towards the three substrates between men and women although the median value for serum PON1 activity towards paraoxon and phenylacetate tended to be higher in women (Table 1) .
Genotype and allele frequencies of the PON1 polymorphisms The genotype and allele frequencies of four PON1 polymorphisms are shown in Table 2 . Genotypes at all positions did not deviate from Hardy-Weinberg equilibrium expectations using the chi-square test (data not shown). The 55LL genotype was the most common genotype found in the population (91.1%) whereas the rarest genotype was the 55 MM (0.5%) ( Table 2 ). The random combination of Q and R alleles at position 192 and L and M alleles at position 55 is expected to give rise to nine possible combinations. The most common genotypes were 192QQ/55LL (42.57%) and 192QR/ 55LL (40.59%). However, no 192RR/55MM carriers were observed, suggesting that this genotype combination does not exist or is very rare in this population. Similarly, the most common genotypes from the random combination of T and C alleles at position À108 and C and G alleles at position À909 were À108CT/À909CC (26.73%) and À108TT/À909CC (26.24%). No À108CC/ À909GG genotypes were observed in the population. The chi-square test showed significant LD between Q192R and L55M, Q192R and T-108C, and Q192R and G-909C (p < 0.05, data not shown).
Influence of the PON1 polymorphisms on serum PON1 activity and lipoprotein profiles Table 3 shows serum PON1 activity towards the three substrates according to the different PON1 polymorphisms. There were significant variations in serum PON1 activity towards paraoxon as a function of PON1 L55M, Q192R, and G-909C polymorphisms. The 55LL, 192RR and À909CC genotypes had the highest PON1 activity towards paraoxon, whereas the 55M-allele carriers, 192QQ and À909GG genotypes had the lowest activity and the 192QR and À909CG heterozygotes having intermediate activity. Only the PON1 L55M polymorphism was associated with significant variation in serum PON1 activity towards phenylacetate. The PON1 Q192R and G-909C polymorphisms influenced diazoxon hydrolysis by PON1. In contrast to the influences on serum PON1 activity towards paraoxon, the 192RR and À909CC genotypes had the lowest serum PON1 activity towards diazoxon, whereas the 192QQ and À909GG genotypes had the highest activity and the 192QR and À909CG heterozygotes had intermediate activity. Interestingly, the PON1 T-108C polymorphism did not significantly affect the variation in serum PON1 activity towards any substrate, although the À108CT genotypes had the highest serum PON1 activity towards paraoxon and phenylacetate, and had the lowest activity towards diazoxon, this difference did not achieve statistical significance.
Amongst the PON1 192 genotypes the À909 polymorphism significantly affected the variation in paraoxon hydrolysis within the PON1 192 QQ genotype (p = 0.002) and diazoxon hydrolysis in PON1 192 Q allele carriers (p = 0.006). Neither the 55 nor À108 polymorphism significantly affected variation in PON1 activity. No polymorphism affected phenylacetate hydrolysis (results not shown).
There were no significant effects of any PON1 polymorphism on the variation in lipid, lipoprotein or apolipoprotein concentrations (data not shown).
Parameters influencing serum PON1 activity
Parameters influencing serum PON1 activity towards the three substrates were analysed using stepwise multiple regression analysis (Table 4 ). The PON1 Q192R and G-909C polymorphisms were significant contribu- tors to serum PON1 activity towards paraoxon, accounting for 27.0% of the variation in this activity for Q192R and 32.3% for Q192R together with G-909C. The HDL-C concentration and the PON1 G-909C polymorphism made significant contributions to variation in serum PON1 activity towards phenylacetate, accounting for 6.5% of the variation in this activity for HDL-C and 9.0% for HDL-C together with G-909C. Finally, significant contributions were also observed for the PON1 G-909C and Q192R polymorphisms as well as apo AI concentration to variation in serum PON1 activity towards diazoxon, accounting for 22.0% of the variation in this activity for G-909C, 28.9% for G-909C together with Q192R and 31.9% for G-909C together with Q192R and apo AI.
Discussion
The PON1 is able to hydrolyse a variety of substrates, including paraoxon, diazoxon, and phenylacetate. As yet, all the physiological substrates of PON1 are unknown but recent studies suggest that PON1 prevents LDL oxidation by hydrolysing lipid peroxides in the lipoprotein (Watson et al. 1995; Aviram et al. 2000) .
PON1 also hydrolyses homocysteine thiolactone, a proatherogenic metabolite (Ferretti et al. 2003) and PAF (Rodrigo et al. 2001) . However, there has been some controversy over whether PON1 activity, as measured by synthetic substrates, will reflect the antioxidant capacity of this enzyme (Cao et al. 1999) . A study from Aviram et al. indicated that the PON1 active site requirements for its protective role against LDL oxidation were not identical to those needed for its PON1 activity towards paraoxon and phenylacetate (Aviram et al. 1998a (Aviram et al. , 1998b . Although PON1 activity towards synthetic substrates and its protection against LDL oxidation do not involve exactly the same active site, these activities are still related (Aviram 1999) . Serum PON1 activity towards paraoxon and phenylacetate was more positively correlated with HDL-C and apo AI concentrations than activity measured by diazoxon. This was in agreement with previous studies in which positive associations between PON1 activity towards paraoxon and HDL-C as well as apo AI were observed (Mackness et al. 1998a) . Thus, it is likely that paraoxon and phenylacetate seemed to be better surrogate substrates than diazoxon for measuring PON1 activity. Jarvik et al. (2000) found that the PON1 activity towards diazoxon was more predictive of vascular disease status than was the PON1 activity towards paraoxon in marginal analysis. However, in the only prospective study published so far, paraoxon but not diazoxon hydrolysis was an independent risk factor for CHD events (Mackness et al. 2003) .
In this study, we found that the serum PON1 activity among individuals with the same genotype differed. This finding is in agreement with the other studies that there was at least a 13-fold variation in PON1 activity among individuals with the same genotype (Humbert et al. 1993; Davies et al. 1996; Richter and Furlong 1999) . It is possible that not only the serum PON1 activity is influenced by the PON1 polymorphisms but also by the other factors. In our study, we found that the serum PON1 activity towards paraoxon and phenylacetate, but not diazoxon, were positively correlated with HDL-C and apo AI concentrations. Therefore, the HDL-C and apo AI concentrations are likely to be one of several factors that account for the variation in serum PON1 activity. The results of stepwise multiple regression analysis confirmed that the HDL-C alone and apo AI together with the PON1 polymorphisms were significant contributors to the variation in serum PON1 activity towards phenylacetate and diazoxon, respectively. Additionally, the effects of environmental factors such as diet and exercise on serum PON1 activity have also been reported by several studies (Tomas et al. 2001 (Tomas et al. , 2002 Sutherland et al. 1999; ) .
In this investigation, we found that the L and M allele frequencies for the PON1 coding-region (L55M) polymorphism were similar to those of Japanese and Chinese populations who displayed very low frequencies of the M allele (M = 0.06) (Zama et al. 1997; Sanghera et al. 1998; Cao et al. 1998; Suehiro et al. 2000) , but these results were different from those of Asian Indian and Caucasian populations (M = 0.36) (Brophy et al. 2001; Leviev and James 2000; Ferre et al. 2002) . However, differences in Q and R allele frequencies for the PON1 Q192R polymorphism between this population (Q = 0.71, R = 0.29) and Japanese population (Q = 0.40, R = 0.60) were observed, but were not found when compared with those of Caucasian populations (Q = 0.74, R = 0.26) (Zama et al. 1997; Brophy et al. 2001; Suehiro et al. 2000) . The very low frequency of the 55 M genotype in the Thai population was surprising, however, in a recent study of Han Chinese, no polymorphism of this site was found (Wang et al. 2003) , further investigations in this area are required. The allele frequencies for PON1 regulatory-region (T-108C and G-909C) polymorphisms also differed from those observed in both Japanese and Caucasian populations (Brophy et al. 2001; Suehiro et al. 2000; Leviev and James 2000) . Our data support the other previous studies that there are interpopulation differences in allele frequencies for the PON1 polymorphisms (Sanghera et al. 1998; Brophy et al. 2001; Suehiro et al. 2000; Leviev and James 2000) . This may be a coincidence, or selection pressure that may have acted on these polymorphisms to maintain specific allele frequencies across different ethnic groups. This is the first study to report the PON1 polymorphism distribution in a healthy Thai population. However, the association between the PON1 polymorphisms and diseases associated with atherosclerosis has not been studied in Thais. Nevertheless, the relationships between the PON1 polymorphisms and CHD have been reported from other countries in Asia. Sanghera et al. (1997) reported that the PON1 Q192R polymorphism was associated with CHD in Indians, but not in Chinese. The Indian CHD patients had a significantly higher frequency of the 192R allele than controls (0.43 vs. 0.33; p = 0.014). Similarly, Imai et al. (2000) also demonstrated the positive association of 192R variant with CHD in Japanese. This report was in agreement with the earlier reports in Japanese with and without (Zama et al. 1997; Odawara et al. 1997) . The 192R allele frequency is relatively common in Japanese and Chinese (0.6-0.7) (Zama et al. 1997; Odawara et al. 1997 ) compared with Caucasians (0.3-0.4) (Ombres et al. 1998; Herrmann et al. 1996) . The interracial variability in the allelic frequencies for the PON1 polymorphisms suggests that ethnicity-specific polymorphism distribution should be identified before association studies are performed. Based on the association between PON1 polymorphisms and the risk of CHD, the data of genotype and allelic frequencies of PON1 gene polymorphisms between ethnic groups may partly contribute to the risk for CHD in specific populations.
We found significant LD between Q192R and L55M, Q192R and T-108C, and Q192R and G-909C as has been reported previously (Brophy et al. 2001) .
As expected, there were significant variations in serum PON1 activity as a function of PON1 polymorphisms. Significant variations in serum PON1 activity among genotypes classified by the PON1 L55M, Q192R and G-909C polymorphisms were observed when paraoxon was used as substrate. Likewise, the variations in serum PON1 activity among these genotypes were also observed when diazoxon was used as substrate, except for those genotypes classified by the PON1 L55M polymorphism while no significant variation in serum PON1 activity using phenylacetate as substrate was observed among PON1 genotypes, except for those genotypes classified by the PON1 L55M polymorphism. From this observation, paraoxon and diazoxon appeared to be discriminating substrates while phenylacetate appeared to be a nondiscriminating substrate with respect to the PON1 polymorphisms. The effects of PON1 L55M and Q192R polymorphisms on serum PON1 activity towards paraoxon were similar to that reported in the previous studies (Mackness et al. 1997a (Mackness et al. , 1998a . In our study, we found that only the PON1 L55M polymorphism was associated with significant variation in the serum PON1 activity towards phenylacetate. These findings indicate a complex interplay between the PON1 polymorphisms and activity towards different substrates. In contrast, other studies have shown that the L55M substitution did not affect this activity (Adkin et al. 1993; Humbert et al. 1993) . Our findings contradict the results reported by Brophy et al. (2001) that individuals with À108TT and À909CC genotypes had the lowest PON1 activity towards phenylacetate while those with À108CC and À909GG genotypes had the highest activity. In addition, they noted that the T-108C polymorphic site appeared to have a dominant effect on PON1 expression while the G-909C polymorphic site appeared to have a minor contribution to transcriptional regulation. Furthermore, Suehiro et al. reported that individuals with the À108CC genotype had about 1.2-fold higher PON1 concentration than those with À108TT; these differences could be ethnically based. A limitation of our study was that PON1 mass was not measured, thus the influence of PON1 polymorphisms on PON1 concentration has not been investigated. Nevertheless, a recent study showed that a higher PON1 concentration was not statistically related to CHD risk whereas PON1 activity towards paraoxon was statistically related to this risk (Mackness et al. 2003) .
Stepwise multiple regression analysis indicated that in this population, both PON1 Q192R and G-909C polymorphisms were the major contributors for the variation in serum PON1 activity towards paraoxon and diazoxon.
The data presented in this study indicates that none of the PON1 polymorphisms significantly affect the variation in lipid, lipoprotein and apolipoprotein concentrations in a healthy Thai population. Our data are in agreement with those reported by some studies (Zama et al. 1997; Odawara et al. 1997; Herrmann et al. 1996) but not others (Hegele et al. 1995; Saha et al. 1991) . It should be noted that the impact of the PON1 polymorphisms on lipid profiles may be variable depending on the ethnicity of the study population.
In conclusion, our data demonstrate that the physiological relevance of the PON1 polymorphisms in a Thai population is that they are associated with significant differences in serum PON1 activity, and the influence of the PON1 polymorphisms on the variation in serum PON1 activity is substrate-dependent. Additionally, not only do allele frequencies of PON1 polymorphisms vary between different ethnic populations, but also the LD patterns between the PON1 polymorphisms differ among ethnic populations. This study thus firmly establishes a genetic basis for the variation in serum PON1 activity. Finally, our study provides the first baseline data of PON1 status in the Thai population, which differs significantly from other oriental populations.
